Trypanosomes are single-celled, parasitic eukaryotes found worldwide and in all vertebrate classes (Figure 1 ). They have digenetic (two-host) life cycles, which alternate between vertebrate and invertebrate hosts. Trypanosomes are transmitted by a wide range of blood-sucking invertebrates, such as aquatic or terrestrial leeches, tsetse flies, ticks and triatomine bugs. Several trypanosome species cause diseases of major medical and veterinary importance. These diseases cause morbidity and mortality, as well as widespread economic loss and social hardship, especially in Africa and South America. In tropical Africa, a range of trypanosome species are transmitted via the saliva of tsetse flies, of which two Trypanosoma brucei subspecies cause human African trypanosomiasis (HAT) and a wider range of species cause animal African trypanosomiasis (AAT), more commonly known as sleeping sickness and nagana, respectively. Although the total number of deaths from HAT per year is unknown due to limited surveillance, an estimated 60 million people are at risk and approximately 500,000 people are currently infected [101] . The Food and Agriculture Organization (FAO) estimates annual losses from livestock productivity owing to AAT are approximately US$1.0-1.2 billion, and losses to Africa in terms of potential agricultural GDP maybe as much as US$4.75 billion [102] . In South and Central America, Trypanosoma cruzi is transmitted through infected feces of triatomine bugs. It causes Chagas disease; 16-18 million people are infected, with approximately 50,000 deaths annually [103] . In Africa, America and Asia, Trypanosoma evansi is transmitted by a number of biting flies, such as Stomoxys, Tabanus and Lyperosia. It causes surra, a disease often fatal to livestock, which is responsible for substantial economic losses. A single case of human infection with T. evansi has recently been reported in an Indian farmer [1, 2] .
Accurate identification of trypanosome species is essential for understanding the epidemiology and pathogenesis of these parasites [3] . With sound knowledge of the prevalence and diversity of trypanosomes, high-risk areas can be identified and limited resources can be targeted efficiently. Accurate identification is also necessary for effective treatment and to monitor patterns of resistance to trypanocidal drugs [4] . The two human parasites that cause HAT, T. b. rhodesiense and T. b. gambiense, are morphologically indistinguishable, but clinical symptoms and disease progression are different and the parasites show differential sensitivity to the drugs used for treatment. T. b. rhodesiense is the acute form of the disease in East Africa, and death can occur within a few months [101] , whereas T. b. gambiense is the chronic form of the disease and found in West Africa; infection can last for years [101] . Here, identification is an absolute requirement.
Identification of trypanosomes in vertebrate hosts is frequently made by examination of morphology in fresh blood, or from thick and thin blood smears (Figure 1 ), while identification in invertebrate hosts relies on location, as well as morphology. However, we know that these methods cannot discriminate morphologically indistinguishable trypanosomes, such as T. b. rhodesiense and T. b. gambiense, or TC1 and TC2, the major lineages of T. cruzi, or trypanosomes that share the same developmental pathway in the vector, such as Trypanosoma congolense and Trypanosoma simiae. The greater accuracy of molecular techniques has addressed these problems and provided highly sensitive identification methods. Widespread application of these identification methods to large numbers of field-collected samples now demands high-throughput approaches.
It has become increasingly clear that unknown species are present in the trypanosome populations recovered from the field, necessitating the development of generic rather than species-specific methods for identification. In this review we will discuss the merits of different techniques, focusing on recent molecular advances.
Species-specific identification techniques

DNA probes
Species-specific DNA probes were the first molecular methods with sufficient sensitivity for direct identification of the small numbers of organisms found in naturally infected vertebrate and invertebrate hosts, without the requirement for culturing large numbers of cells. The methodology involved preparing dot blots of unpurified samples of tissue collected directly from infected vertebrate and invertebrate hosts followed by hybridization, usually with radioactively-labeled DNA fragments. It is reasonably sensitive, being able to detect approximately 1000 trypanosomes. Each DNA probe is a DNA fragment identified in a particular species and thus, to ensure specificity of hybridization, each trypanosome species of interest requires an individual DNA sequence to be identified and tested for specificity. Typically, noncoding, repetitive DNA elements make good DNA probes as they are less conserved than coding regions among related species and their repetitive nature offers the advantage of high sensitivity. For African trypanosomes, satellite DNA repeats that form the bulk of the minichromosomes fulfill these criteria and were easy to isolate from most species [5] ; other repetitive DNA fragments were used for Trypanosoma vivax [5] and T. cruzi [6] .
Trypanosomes share a unique mitochondrial DNA-containing organelle, the kinetoplast, with other protists of the order Kinetoplastida. This has provided another fruitful source of speciesspecific DNA probes. Kinetoplast DNA (kDNA) minicircles have a high copy number with an estimated 5000-10,000 minicircles per trypanosome, and the packaging of these minicircles into an organelle facilitates isolation. Minicircles were initially believed to have no coding function, but are now known to encode the guide RNAs used for editing mitochondrial DNA transcripts [7] . The level of sequence variation in kDNA minicircles has proved useful for solving problems of identification of some kinetoplastids, including T. cruzi [8] and Leishmania species, but has not been widely applied to the tsetse-transmitted trypanosomes.
Despite the high sensitivity and specificity of DNA probe methodology, it was quickly superseded by PCR-based methods after the introduction of this revolutionary technique in 1986.
Serological methods
Several serological methods have also been developed to identify species of tsetse-transmitted trypanosome. Species-specific monoclonal antibodies have been used to develop ELISAs for South American trypanosomes [9] , African trypanosomes [10] and T. evansi [11] . However, antibodies to most trypanosome species have not been developed and, by their nature, antibodies require extensive testing of potential cross-reactivity against a range of unrelated species. Nevertheless, serological techniques still The kinetoplast contains the mitochondrial DNA, and the nucleus contains genomic DNA.
Nucleus Kinetoplast
future science group future science group www.futuremedicine.com have potential because they are cheaper than PCR and do not require electricity, so can be used in the field [12] .
Species-specific PCR
The application of PCR-based techniques greatly aided molecular species identification, as their high sensitivity allowed identification from low numbers of organisms. The first PCR-based studies used pairs of primers designed to amplify a region specific to each species. Identification is made by the presence of a PCR product of specific size on an agarose gel. For many trypanosome species, the species-specific DNA elements previously used as DNA probes were then targeted for PCR. The rapid increase in available DNA sequence data, generated from studies in cell biology, taxonomy and genome projects [13, 14] , has provided additional targets for these tests. For example, specific primers have been developed from other repetitive elements, such as telomeric repeats of T. cruzi and Trypanosoma rangeli (a human infective, but nonpathogenic trypanosome) [15] and rDNA sequences. The discovery of a single gene, the serum resistance-associated (SRA) gene, that enables T. b. rhodesiense to survive in humans [16] , led to the development of a specific PCR test for it [17] . This is especially important as it enables this subspecies to be differentiated from morphologically identical T. b. brucei, which shares the same host range but is unable to infect humans. Recently, Picozzi et al. developed a multiplex PCR to discriminate between T. b. brucei and zoonotic T. b. rhodesiense [18] . This PCR contains two sets of primers: one to target the SRA gene, the diagnostic gene for T. b. rhodesiense, and the other to target a single copy gene, which indicates whether the DNA is of sufficient quality to amplify single copy genes. A number of specific primers have been developed from RAPD fragments, for example, for T. rangeli [19] and Trypanosoma theileri (a nonpathogenic trypanosome of cattle) [20] , providing a method for rapid development of specific tests.
These tests are highly specific as they target rapidly evolving regions. They can also be extremely sensitive, being able to detect 0.1 pg of DNA, equivalent to one trypanosome [21] . These methods are readily applicable to material collected directly from the hosts in the field. Species-specific tests, because of their high specificity and sensitivity, have been used extensively in diagnosis, such as for T. cruzi, which is often present in very low numbers in the blood. Furthermore, they have enabled accurate identification of T. cruzi in feces of triatomine bugs, and many of the tsetse-transmitted trypanosomes in tsetse guts or mouthparts.
The application of species-specific tests to field-collected material led to the discovery of many novel species and strains. These are recognized when a DNA sample tests negative with tests for all known species. Just within the African tsetse-transmitted trypanosomes, the number of species or strains that can be recognized by species-specific PCR tests has increased from four in 1992 [21] to 11 in 2007 (subgenus Trypanozoon, T. b. gambiense [22] , T. b. rhodesiense [17, 23] , T. congolense subgroups forest, Kilifi and savannah [21] , Trypanosoma godfreyi [24] , T. simiae [25] , T. simiae Tsavo [26] ; subgenus Duttonella [27] and West African T. vivax [28] ).
Studies using species-specific tests have transformed our understanding of trypanosomiasis epidemiology and underlined the value of applying PCR-based identification as widely as possible to field-collected samples. However, the number of species-specific PCR reactions required for each DNA sample can make this method time consuming and expensive. For example, within the tsetse fly-transmitted group, 11 separate PCRs would be needed on each DNA sample collected from an individual tsetse fly to cover all species and subgroups for which there are tests. Furthermore, there are five described species for which no such test has been developed, and unknown species, for which no PCR tests currently exist, would simply be missed. To address these problems, generic PCR-based methods have been developed.
Loop-mediated isothermal amplification
A promising development is the application of loop-mediated isothermal amplification (LAMP), a novel method for gene amplification [29] . The technique relies upon autocycling strand displacement by Bst DNA polymerase under isothermal conditions (60-65°C), and is extremely sensitive, able to detect down to 1 fg of DNA, equivalent to approximately 0.01 trypanosomes [30] . Large amounts of DNA are produced by six primers amplifying eight parts of the target DNA within 30-60 min. This can be achieved directly from tissue, such as serum, without the need for DNA extraction. Although amplified DNA can be observed by conventional gel electrophoresis, visualization can also be made by the inclusion of fluorescent dyes, such as SYBR Green 1 [31] [30] .
Generic PCR-based approaches
To overcome the limitations of the species-specific approach, a range of methods have been developed that use generic primers in conserved areas of the genome to amplify sections of DNA from any, or specific groups of, trypanosome species. The trypanosome species are then identified by the length of one or more of the PCR products, either directly or after restriction digestion of PCR-amplified fragments. Identification can also be achieved by sequencing the amplified fragment. Generic approaches have not only been used to study trypanosomes of medical and veterinary importance, but have been applied to study the wider diversity of trypanosomes [3] .
Ribosomal DNA spacer, ITS1
The internal transcribed spacer (ITS) regions of the ribosomal RNA locus of eukaryotes have a high copy number and vary both in sequence and length between species. The ITS regions can be easily amplified using PCR primers complementary to the conserved regions of the 18S, 28S or 5.8S rRNA gene and are therefore a popular choice as a target for species identification (Figure 2 ). An identification system using ITS1 was proposed to replace the multiple speciesspecific tests for identification of African trypanosome species by Desquesnes et al. [33] . There is sufficient interspecies length variation in the ITS1 region to enable identification of trypanosome species by the size of the PCRamplified product using agarose gel electrophoresis (Figure 2) . It is quicker and cheaper than the species-specific technique, because the number of PCRs required per sample is greatly reduced, and therefore larger numbers of samples can be processed. It is also able to detect mixed infections in a single PCR, which can be identified by the presence of multiple bands. New species could potentially be identified if their ITS region differ in size from known trypanosomes.
Redesign of the original primers [33] improved the ability to identify T. vivax, a common cattle pathogen [34, 35] , and all tsetse fly-transmitted trypanosomes [36] . Cox et al. [35] and Adams et al. [36] developed nested PCR strategies to increase sensitivity. The sensitivity can be as high as 0.1 pg DNA (equivalent to one trypanosome). However, sensitivity may be reduced when testing samples directly from tissue, such as tsetse midgut material; this is probably due to the presence of PCR inhibitors such as proteases. These improvements ensured that the ITS method is capable of identifying all tsetse-transmitted trypanosome infections in the field and it has been used for projects with high sample numbers. For example, Adams et al. used the primers to study the full diversity of trypanosomes transmitted by tsetse flies, identifying 71% of infections [37] . Using this information, the disease risk posed by populations of flies in different areas of Tanzania was assessed. Other studies including those of Cox et al. [35] and Nijru et al. [34] used the method to identify cattle infected with trypanosomes from Uganda and Kenya, respectively. The ITS approach has also proved useful for identification and diagnosis of human trypanosomes outside Africa. In 2007, the technique was used to identify a trypanosome, thought to be related to the rat trypanosome, Trypanosoma lewisi, from a sick child in Thailand [38] .
Although use of a generic PCR test should reduce analysis to a single test per sample, the sizes of the ITS1 PCR bands for some species cannot be distinguished [33, 36] and thus it is often necessary to confirm findings using species-specific primers, adding an extra step. On the other hand, the ITS PCR should be able to identify unknown species, if the size of the amplified band does not coincide with that of a known species. For example, a trypanosome closely related to T. godfreyi was recognized by generic primers due to the unique size of the PCR product [36] . This trypanosome had been described previously by Malele et al. [39] , but no species-specific primers have been made.
Other length-based methods
The trypanosome spliced leader or miniexon gene, like kDNA minicircles, is unique to the kinetoplastid protist group. All mature mRNAs carry a conserved 39 nucleotide spliced leader sequence at the 5´ end, which is transcribed as part of a longer precursor RNA from a tandem array of spliced leader genes. Outward-facing primers designed within the 39 nucleotide sequence can be used to future science group future science group www.futuremedicine.com amplify the whole of the transcribed and nontranscribed regions of the gene, which vary both in sequence and length between different trypanosome species. Again, this has been used as a simple means of identifying different species by length variation of the amplified fragment [40] .
Simple length variation of part of the 24S rRNA gene has been used to identify the three common triatomine bug parasites: T. cruzi, T. rangeli and Blastocrithidia triatoma [41] . Likewise, ribosomal length-based methods have been used to identify strains of T. cruzi. Molecular studies have identified two principal subgroups of T. cruzi, TC1 and TC2, which are further subdivided into six strains, thought to differ in their epidemiology and pathogenesis. For example, TC1 is associated with opossums and predominates from the Amazon basin northwards, where it is also the main cause of Chagas disease in endemic areas such as Venezuela. By contrast, TC2 is associated with armadillos and may be more pathogenic than TC1 [42] .
Since length variation in a single genomic region is insufficient to differentiate all strains, a combination of approaches, including determining length variation of a 24Sα rDNA region and the miniexon gene, is currently used to identify them [43, 44] . The positions of primers on 18S and 5.8S rDNA are shown. Primers are arranged in a nested system. The outer primers TRYP 3 and 4 are used in the first PCR reaction. 0.5 µl of the PCR product from the first reaction is used as a template for the second reaction with primers TRYP 1 and 2. PCR products are then run using standard gel electrophoresis (2% gel). Identification is made by the size of the DNA fragment. Marker (hyperladder I; Bioline) lanes: 1. 
PCR restriction fragment length polymorphism
Several studies have used amplification of the most variable region of 18S rDNA with generic primers, followed by restriction analysis using one or several restriction enzymes. This method, also known as ribotyping, has proven useful when only a few species are present, which differ in their restriction digestion profiles. For example, it was used to identify different species of rodent trypanosome in order to examine host specificity [45] , and to differentiate between different Australian trypanosome species [46] . Similarly, the technique was able to differentiate between DNA from four species of trypanosome infecting African cattle (T. congolense, T. b. brucei, T. theileri and T. vivax) in single and mixed infections [47] . Although untested on the full range of tsetse fly-transmitted trypanosomes, the technique was able to identify the trypanosome species in naturally infected cattle. However, some species share similar banding patterns, for example, T. congolense and T. theileri share a 300 bp band, making mixed infections difficult to differentiate [47] .
PCR-RFLP, using a combination of ten restriction enzymes, has also been used to differentiate T. cruzi from two other South American trypanosomes, T. rangeli and Trypanosoma conorhini, and Leishmania braziliensis [48] . The two principal T. cruzi lineages, TC1 and TC2, could also be identified using this technique [48, 49] .
Fluorescent fragment length barcoding
A new method, fluorescent fragment length barcoding (FFLB) was devised to overcome many of the limitations of other methods and provide an accurate and high-throughput means of species identification. FFLB uses an approach similar to that used for microsatellite analysis using fluorescently tagged primers and an automated sequencer to read the sizes of the PCR-amplified DNA fragments [50] .
For trypanosomes, four sets of generic primers, with one of each pair fluorescently tagged, were designed to amplify small (<400 bp) fragments of 18S and 28S ribosomal DNA with known interspecies size variation. In contrast to other length-based methods, such as the ITS method, in which PCR products are analyzed by agarose gel electrophoresis, the sizes for FFLB are determined accurately using an automated DNA sequencer. This enables PCR products to be sized to within 1 bp, allowing far greater resolution than conventional agarose gel electrophoresis.
The PCR products of the four separate reactions on each DNA sample are pooled for simultaneous sequencer analysis. A barcode unique to each species is generated by using four regions and different fluorochromes [50] . A diagram explaining how the technique works is shown (Figure 3) .
FFLB was able to distinguish between all tsetse-transmitted trypanosome species both in the laboratory and field [37, 50] . The only exceptions were the members of the subgenus Trypanozoon, which are very closely related. No confirmation with species-specific primers was required as each species or subgroup had a unique combination of fragments and it is highly unlikely that two unrelated species will have four regions that are identical in length. Indeed, if this case arose, a further variable region could be targeted for amplification. FFLB is a high-throughput method, allowing simultaneous analysis of up to 96 samples in a microtiter plate, with results available within 24 h. In a recent study of tsetse flies from Tanzania, it was shown to be more sensitive than the ITS methods, with an identification rate of 96% [37, 50] . The technique was able to identify a higher proportion of mixed infections than the ITS method, due to its increased sensitivity. However, perhaps the greatest advantage of the technique is its ability to recognize new species by showing a unique barcode, even in mixed infections. Indeed, its use has already led to the discovery of a new trypanosome, closely related to the human-infective T. brucei [50] .
These primer sets are sufficiently conserved to be used for any group of trypanosome species, even in parts of the world where the diversity of trypanosomes is relatively unknown. However, FFLB is expensive, and requires specialized equipment and expert knowledge of the system. Sequence analysis DNA sequences are increasingly being used for species identification of a wide range of organisms. The strengths of this approach are that sequences can be directly compared with those from previous studies that are held on publicly accessible databases, such as GENBANK [104] , and no two unrelated species will have the same sequence. There are now very large data sets for sequences of rRNA genes and some genes encoded by mitochondrial DNA, such as the cytochrome oxidase subunit genes. It is hoped that all known species will eventually have a DNA barcode, defined by the sequence of a particular gene [51] .
future science group future science group www.futuremedicine.com For trypanosomes, over 100 18S rDNA sequences are available representing trypanosome species from a variety of hosts and geographical areas. There are also substantial data sets resulting from the choice of particular protein-coding genes for phylogenetic studies, for example, over 60 sequences of the glycosomal glyceraldehyde phosphate dehydrogenase (gGAPDH) gene from different trypanosomes [52] . Trypanosome species can be identified by sequencing one of these genes and either using BLAST analysis or sequence alignment and construction of phylogenetic trees. The most variable region of 18S rDNA is commonly used for this purpose, and can be sufficient for identification if sequences are identical [53] . However, since there is no consensus on the degree of similarity necessary to identify a known species, identification can be more difficult if the new and reference sequences differ slightly. The most variable region of the 18S rDNA by itself, is often insufficient for precise phylogenetic placement. Sequencing of the gGAPDH gene can be more economical, as it is shorter than full-length 18S rDNA gene, no gaps are required to align trypanosomal gGAPDH gene sequences and both genes give similar phylogenetic resolution [52] . This method is particularly useful when there is no prior knowledge of the trypanosome species present, as it allows novel trypanosomes to be placed accurately on the phylogenetic tree.
However, for routine identification of trypanosome species, sequence analysis is time consuming and expensive, although the development of new high-throughput technologies, such as 454 sequencing will make it a more attractive option [54] . In addition, if mixed infections are frequent, cloning of the PCR product and subsequent sequencing of multiple clones will be required prior to sequencing, adding time and expense. For well-studied groups of trypanosomes, such as the African tsetse fly-transmitted trypanosomes, it is more efficient to use ITS or FFLB for identification and use sequence analysis for precise phylogenetic placement.
Conclusions
Recent progress using molecular techniques has enabled a far greater understanding of the diversity and prevalence of trypanosomes, both within their vertebrate and invertebrate hosts. FFLB and the ITS methods are both powerful tools for species discovery and are the methods of choice for epidemiological studies. By sequencing analysis and phylogenetic placement, further inferences can be made about evolutionary relationships and potential hosts. These methods will enable greater understanding of the epidemiology and spread of disease, and help to target resources to areas in which they are most needed.
Future perspective
A major challenge in this area remains the development of a fast, cheap and effective test for identification of trypanosomes in remote locations, with limited infrastructure and facilities. It is hoped that techniques such as FFLB and LAMP will help toward this long-term goal. LAMP has already been adapted for identification of the medically important members of the Trypanozoon [30, 32] . However, it is now essential that the protocols are optimized for maximum efficiency and ease of use in order to develop test kits, for both humans and animals, suitable for endemic countries. 
Executive summary
Background
• Trypanosomes are single-celled parasites ubiquitous in all vertebrate classes. Some cause disease of major medical and veterinary importance, including sleeping sickness and nagana in Africa, and chagas disease in South America. Accurate identification is essential for understanding transmission, epidemiology and disease risk. By using this information it is possible to target the limited resources available for treating diseases associated with trypanosomes quickly and efficiently.
Species-specific identification techniques
• Microscopic examination: useful for detection of trypanosomes in fresh blood and thick and thin blood-stained smears, where trypanosomes species vary in morphology. This technique is still widely used; however, has shown to be inaccurate and insensitive, especially for differentiation of trypanosomes in the vector. • DNA probes: dot blots of unpurified samples of tissue are collected directly from hosts and hybridized with a DNA probe specific to a species. For trypanosomes, the region usually targeted is the highly reiterated satellite DNA in the minichromosomes. This technique involves use of hybridization using radioactively-labeled DNA fragments, and was superseded by PCR. • Serological methods: monoclonal antibodies are used to develop ELISAs for trypanosome identification. This technique does not require PCR or electricity so can be used in the field; however, antibodies have not been developed for all trypanosome species.
• Species-specific PCR: Highly specific and sensitive tests using primers specifically designed for each species of trypanosome. Tests have been developed for many species, and can be the best option for diagnosis. However, there is no recognition of unknown species, and this method can only be used if the diversity of trypanosomes is known. This is a widely used technique; however, it can become time consuming and expensive as the number of identified species increases.
• Loop-mediated isothermal amplification (LAMP): this new technique amplifies DNA under isothermal conditions, and relies upon autocycling strand displacement DNA synthesis produced by Bst DNA polymerase. The method has been adapted for the identification of several medically important trypanosomes and has great potential for diagnosis in remote locations.
Generic approaches
• Ribosomal length-based methods: use of generic primers to amplify target DNA containing interspecies length variation, such as internal transcribed spacer regions, sufficient to differentiate species. Products are run on a simple agarose gel, and identification is made by the size of the PCR product. This method is becoming widely used for both identification and diagnosis.
• PCR restriction fragment length polymorphism: restriction digestion of a PCR product following amplification of a variable region of DNA. Banding patterns unique to species allow identification. This technique is not widely used for medically important trypanosomes.
• Fluorescent fragment length barcoding (FFLB): several pairs of generic primers are designed in conserved areas of the rDNA repeat unit that amplify internal length variable regions; one primer in each pair is labeled with a fluorescent tag. The lengths of these regions are determined using a sequencer and together make a barcode pattern for each species. This high-throughput technique is extremely sensitive and has already led to the discovery of a potentially important new species closely related to Trypanosoma brucei. However, the technique is expensive and is maybe better suited for research and discovery than routine diagnosis. • Sequence analysis: sequences for genes, such as 18S rDNA and gGAPDH, are compared directly with those available on databases. For accurate phylogenetic placement this method is essential. It is also useful for when the diversity of trypanosomes is not fully known, for example, in areas such as Asia and Australia. However, for routine identification it is unnecessarily time consuming and expensive.
Future perspective
• A major challenge in trypanosome identification is the development of a fast, cheap and accurate method that is able to distinguish between all trypanosomes, and can be used in remote endemic countries. Identification of the medically and veterinary important trypanosomes is especially important. Methods such as FFLB and LAMP will be important in the development of further techniques.
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